Ground- and Space-based
Optical & IR Stellar Interferometry

Xiaopei Pan

1. Mark III Optical Interferometer

2. Palomar Testbed Interferometer

3. Space Interferometry Mission

4. Stellar Diameters, Masses & Temperatures
S. Parallax with pas Precision

6. Wide- & Narrow-angle Astrometry



Star,
an ideal point source in physics ?

or too big ?

or multiple components ?

or substellar companions ?



Why Interferometry ?
1. High Resolution
2. High Accuracy

Why Challenging ?
1. Pathlength compensation
2. Two parallel beams

3. High sampling rate

Why Booming Now ?
1. Fast CPU

2. Laser metrology
3. Active optics

4. New detectors
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The Mark Il Stellar Interferometer

Imaging siderostats (2)

Imaging siderostat piers (11)

Baselines: 3——32 m N-S

Astrometric siderostats and shelters

S
Baselines: 12 m N-=S
12 m E-S

Computer/observer trailer

Beam combining lab
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Palomar Testbed Interferometer

Resolution 2 mas
Wavelength 2.0-2.4 um
Faintest Star 5 mag
Largest Star 4.3 mas
Smallest Star 0.5 mas
Largest Sep. 110 mas
Smallest Sep. 2 mas
Dynamic Range 4 mag



Top-Level Parameters

v 2-element interferometer, 100 m maximum baseline
« Expect atmospheric error ~30 uas / hr for two stars 15" apart
* 40 cm effective aperture
e Good match to atmosphere:
110 at 2.2 um (fringe-tracking wavelength)
¢ 310 at 0.7 um (star-tracking wavelength)
o +/- 40-m delay range
o Optitiized for narrow-angle astrometry
o Palomar Mountain site



Description of Palomar Interferometer

Pointing System :

Phasing System :

Control System :

Siderostats
Acquisition system
Dual-star feed

Star tracker

Primary fringe tracker

Secondary fringe tracker
Delay lines

Constant-term metrology

VMEbus-based system
Multiprocessing architecture

Clean partitioning of functions
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- Acquisition System

e

Star

Corner cube

Elliptical fold mirror

.....................................................................................................................

Siderostat
Mirror

Prim

Questar Telescope Interferometer

i Teleconverter (2x)

Star [ Camera CCD



~ Delay Lines

@®Long delay lines
® 20 m physical range each

® 4-stage servo, high tracking speed capability
®50 Mm/s @15 nmrms

®Delays both primary and secondary star (2 7.5 cm beams)
® Short delay lines

® 20 ¢cm physical range
@ 2-stage servo
@ Delays primary star only (2 cm beam)
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~Star Tracker

* Configuration

. Photon-counting APD
0.7-1.0 um

* Chopper allows ys

quad cell detector, Sensing from
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Quadiam iy assc bty

Pzt chopping mirror P
Adjustable folding mirrors 7 /;O_——;——_— Y < .\ \

250 mm focal length lens
2? > 3.5" Questar . Folding Mirror

21 mm focal length lens

Stellar Beam Stellar Beam
1 2

Fiber cable with four
jacketed fibers

To computer

Avalanche photodiodes

Narrow Angle Star Tracker Optical Layout



Dual Object Interferometry

re

Simultaneous fringe
measurement of two stars

— O
pinhole
'O/ delay
line
\IO
delay
line

Metrology "ties" the
two beam combiners

together (~10nm)

for differential astrometry >
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)
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j —
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Figure 1. Control system hardware architecture
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Backpacker SIM Classic Configuration
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SIM TAC 14 April 22-23 1999 Page - 1



SIM Classic Configuration

£
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SIM Instrument & Mission Parameters

Baseline 10 m
Wavelength 04-09 um
Aperture 0.3 m

Field of Regard 15°
Narrow-angle FOV 1°

Imaging FOV 1."'4

Orbit Heliocentric Earth-trailing
Mission life S years (launch 2006)
Sensitivity 20 mag
Wide-angle Accuracy 4 uas
Narrow-angle Accuracy 1 pas
Imaging Resolution 10 mas

Interferometric nulling  Null depth 10



Recent stellar diameter results with the Mark 111

Ton (mas) Oup (mas)
Name 800 nm 450 nm OLp (mas)
§ And 3.927 10.038 3.638 +0.040 4.12
a Cas 5.297 +0.053 4918 +0.051 5.64
B And 12.783 +40.128 11.535 +0.159 13.81
7' And 7.328 +0.073 6.572 +40.097 71.84
a Ari 6.412 +0.064 5.855 +0.068 6.85
a Cet 12.254 +0.158 11.325 +0.285 13.23
a Tau 19.689 +0.196 18.467 40.540 21.21
a Ori 49.401 +0.237
a CMi 3.261 +0.053 5.139 40.051 5.51
P Gein 7.545 +0.075 7.129 40.071 8.04
€ Cyg 4.340 +0.037 . 4.62
B Peg 16.618 +0.059 15.996 4-0.200 17.98
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Table 2. Accurate Stellar Masses with the Mark III Interferometer

&

Star Spectrum a"(mas) i° K(km/s) K2(km/s) m)(mg) ma(mgp)

HR5793 B9.5IV,G5 7.751+ 0.13 88.3 + 0.07 35.35 + 0.50 99.00 + 0.5 2.58 + 0.04 0.92 + 0.01
HR6927 F7V K3V 1225 £ 0.20 74.76 + 0.05 17.87 + 0.10 24.20+ 0.20 1.08 + 0.03 0.78 + 0.01

HR7478 GSIII,G8III 23.7+040 7837+ 040 26.79+ 005 27.88+ 0.05 2.26+ 0.05 2.17 + 0.05




Table 3. Comparison of Magnitude Differences measured with the Mark III

Interferometer and Spectrophotometry

Star Mark III Spectrophotometry
at 800 nm at 550 nm at 550 nm

HR 15 1.m82 + 0.™04 1.m99 + 0.™04 1.m35

HR 154 0.™97 + 0.™10 0.™92 4+ 0.™10 3.™17

HR 271 0.™94 + 0.™06 1.™01 % 0.™05 0.m29

HR 553 2.™63 4+ 0.™22 3.™30 + 0.™30 2.m80

HR 622 0.m52 + 0.m04 0.™44 1+ 0.™04 1.™19

HR 936 2.™63 + 0.™09 2.™92 4+ 0.™15 2.m60
HR 6927 2.m02 + 0.m06 2.™44 4 0.™17 1.m99
HR 8131 1.m23 £ 0.m03 0.™47 £+ 0.™06 0.m60
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Mo.vkm Lon, Bose QCM Interferome'ter

No. 2, 1993

TABLE 2

GrROMETRIC AND PHYSICAL
PARAMETERS OF THE
AB-C SYSTEM OF ALGOL

—t———

Parameter Value

68005 + 0406
JD 24469314 + 1.5
0.225 + 0.00S
310°29 + 0208
83°98 + 0°09
94.61 + 0.22 mas
312°26 + 0°13
267 + 008 AU
282+ 08 pc
2.86 + 0.46 mag
398 + 638 .4
1.50 + 011 A4,

R IR

o -
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[

whilli the inchimation of the short-period pair A-B is 82242
+ 0004 (Tomkin & Lambert 1978). The small difference of the
incliiations, i.e., 1°56 + 0°10, means a possibility of the copla-
narity between the A-B system and the AB-C system, as
impHed by dywamical arguments (Soderhjelm 1980). However,
an ahalysis of eclipse polarization (Kemp et al. 1983) concludes
that! the two orbits are perpendicular to within about 10°.
Hoffefully, a future measurement of 2 for the A-B system will
resdlve this discrépancy. The visual orbit of the AB-C system of
Alg®l and the measured data are displayed in Figure 2; the
calewlated separations [S,(C) and S{C)] and the residuals for
this orbit are also entered in Table | (note that these values are
for the equinox of the observation epoch). The rms residuals

between the measured and the calculated separations are 0.5
- . Al enert iV B tha cnnenllla dAata are < 6
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FiG. 2.—Apparent orbit of the AB-C system of Algol and measured data at
800 nm. The individual measurements, which are at the otnters of the open
circles, are connected to the calculated positions by a short tine. The formal
errors (1 6) in R.A. and decl. are indicated by the lengths of crosses centered on
the points.

mag at 550 nm. Given the apparent visual magnitude m, =
2.12 mag, the visual magnitude of the C component is
5.11 + 0.46 mag, and the absolute magnitude M is 2.86 1 0.46
mag. Using the multicolor photometric results for Algol
(Johnson et al. 1966), the estimated value of V — 800 nm is
0.03 + 0.01 mag. Thus, the magnitude of the C component at
R00 nm is estimated as 4.81 + 0.25 mag, and its color index
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F1G. 8. —Muodel for Algol in the o?dul pll;:e"ol' the binary derived from the rgﬂhs :I’ this paper, the ultraviolet spectral studie
Brandi et al. (1989), the Ha line profile analysis of Richards, Bolton, & Mochnacki (1989, 1990), and the infrared light curve results of Richards (1990, b). The
ch exist within a transient accretion disk around the primary star which extends above (and below) the
lar material, the predicted position of the gas stream

circumstellar material is concentrated in several regions whi
orbital plane to cover the visible disk of the star. The observed locations of the components of the circumstel
(Lubow & Shu 1975, 1976), and the center of mass of the binary (plus sign) are shown. The transient disk has a radius of 1.8R, and the binary and tertiary are drawn

to scale.



Algol’s Orbits

Which is the real Algol? Recent studies disagree about whether the close pair orbits in a
plane perpendicular to the orbit plane of the distant companion (bottom) or in the same
plane (fop). Adapted from the Astrophysical Journal.
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Table 1. Comparison of parameters determined with the Mark 111, astrometry,
speckle, and spectroscopy for XDra

Mark 111

Astrometry Speckle Spectroscopy
Primary Secondary

P(day) 280.54¢ 20.03 — 280.550 280.85 280.7
T(year) 1084.8382 $0.0019 — 1984.8360 1984.8360 1984.8283

e 0.416 +0.003 — 0.445 0.445 0.416 10.008
a”(mas) 1228 $0.2 149  +10 122 #1 — —

i° 74.76  20.08 56.0 +2.1 749 +09 — —_—

w° 119.18  $0.09 —_— 1192 +0.7 1217 2922 +1.8
ne 2%0.4¢ +0.12 2368 125 23815 0.7 — —
d{pe) 8.33 +0.11 790 10.34 833 +0.10

Amgyg 202 +0.08 -— — — —
Amgsp 244 $0.17 — — 1.99
Miyyoi(mag) 4.0¢ +0.08 — — —
Miypo1(mag) 6.14 $0.27 — - -

Color, +0.5¢ +£0.20 —_ — —

Colorg 4+0.96 +0.24 — — —_—
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Table 3. Comparisons of Orbital Elements of §2Tauri

Ebbighausen Peterson et al.
(1959) (1993)

Spectroscopy

Tomkin et al.

Torres et al.
(1997)

Interferometry

PTI & Mark 111
(1998)

P(days) 140.728 +£0.004 140.7308

To(JD) 36489.792 +0.129 48171.02

140.72816  0.00093
49015.32 40.12

0.7266  +0.0049

56.4 1.1

140.710 +0.015

50281.7 £0.12

0.735 +0.005

19.15 0.25
47.3 0.9
56.0 +£1.2

173.4 1.8

e 0.750 +0.006 0.703
a’'(mas) - — —
i(°) _ = -
w(®) 491 13 51.2
Q(O)) - — —
Note:

1. T, is JD2400000+ value in columns



Table 4. Luminosities and Color Indices of 8% Tauri

Band Both Am Primary Secondary
(om)  (mag) (mag) (mag) (mag)
450  3.57£0.01 1.07£0.04 3.91+0.04 4.981+0.04
\Y 3.40+0.01 1.10+£0.05 3.73£0.04 4.83+0.04
800 3.12+0.01 1.15£0.07 3.441+0.03 4.59+0.04
K 2.9240.01 1.20£0.03 3.25+0.03 4.37£0.03
450-V  0.1840.01 —_ 0.1840.01 0.15+0.01
V-800 0.2740.01 — 0.29+£0.02 0.2210.02
V-K  0.4740.01 — 0.48+0.02 0.46+0.02




Table 5. Comparisons between Lunar Occultation and Interferometry

Lunar Occultation

Interferometry

Evans et al. Peterson et al. PTI & Mark III
(1980) (1981) (this work)

11.3+0.3 E— 13.2+0.2

Separation 11.840.6 _ 13.240.2

(mas) —_ 20.77+0.15 19.940.2
0.61+0.09 (467nm) 1.07+0.04 (440nm) 1.16+0.13 (450nm)
Am  0.96+0.17 (547nm) 1.1840.05 (630nm) 1.18+0.10 (550nm)
(mag) — 1.0440.06 (790nm) 1.1540.07 (800nm

(

)
1.1240.03 (2.2um)




Table 6. Physical Parameters of §2 Tauri

P (day) 140.7281640.00093
a (AU) 0.86 + 0.03
Distance (pc) 45.0 £ 1.6
Parallax (mas)  22.2 £ 0.8
M,4 (mag) 0.46 £ 0.04
M,p (mag) 1.56 + 0.05
(B—-V)4 (mag) 0.18 £+ 0.01
(B—-V)g (mag) 0.15 £ 0.01
(V—-K)s (mag) 0.48 £ 0.02
(V — K)p (mag) 0.46 + 0.02
Spectrum(A) A3 III
Spectrum(B) A5V
ma(mg) 2.30 £ 0.30

mp(mg) 2.01 £0.16




Table 4. Comparisons between Lunar Occultation and Interferometry

JD Interferometry Occultation Calculated p’ — p”

2400000+ P(mas) 0(0) al(o) pzmas) p?mas) (mas)

40221.6 9.23 181.6 56 6.2 5.4 0.8
41396.4 11.17 174.5 124 7.4 7.1 0.3
41724.7  15.28 161.2 49 4.0 5.9 1.9
2400000+ AM(mag) A M (mag) |0](mag)
40221.6 1.6+£0.1 1.90 (at B) 0.30
41396.4 1.6+ 0.1 1.63 (at B) 0.03
41724.7 1.6 £ 0.1 1.50 (at B) 0.1

Notes:

1. no error estimates for lunar occultation measurements.

2. lunar occultation use Johson B filter of 440 nm.

3. Mark III interferometer use a filter of 450 nm. The magnitude difference
from the Mark III is an average value of multiple nights.



]

Table 3. Orbital Elements of Atlas

Spectroscopy Hipparcos Interferometry
(Abt1965) (Perriman97) (this work)
P(days) 1254.68 290.6598 +8.5642 290.81 +0.06
To(JD)* 15870.6 48305.6949 +£26.6108 50582.8 +1.5
e 0.137 0.0 — 0.2457 +0.006
i(°) — 106.72 £25.02 108.5 0.5
a"(mas) — 4.23%  £0.97 1294 +0.11
w(®) 213 0.0 — 152.1 +1.4
Q°) — 111.54 +38.48 155.0 0.6

Note:
a). JD2400000+

b). it is the semi-major axis of the photocentre orbit



Table 5. Luminosities and Color Indices of Atlas (unit: mag)

Both Am Primary Secondary

Vband 3.62+0.01° 1.68 +£0.07° 3.83 £0.01 5.52 +£0.05
Kband 3.80+0.01 1.92 +0.06° 3.97 £0.01 5.89 £0.05

V-K -0.18+0.01° -0.14 +0.01 -0.37 £0.07

Note:

a). Measured by Johnson 1965
b). Measured by the Mark III Interferometer
c). Measured by the PTI Interferometer
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e

Distance to the Pleiades

distance

Hipparcos 116 +/- 3 pc

MAP 150 +/- 18 pc

MS fitting 132 +/- 2.3 pc

Interferometer 130 +/- 2 pc

parallax
8.6 +/- 0.23mas

6.6 +/- 0.8 mas

7.6 +/- 0.13 mas

7.7 +/- 0.12 mas

distance modulus
5.32+/-0.06 mag

5.9 +/- 0.26 mag

5.60 +/- 0.04 mag

5.57 +/- 0.03 mas
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105.
109.
113.
116.
120.
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129.
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138.
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4142
6352
5540
1441
6692
9321
0316
2301
4066
9869
8136
5248
1317
6438
0691
4149
6874



FK5

19
33
52
66
79
835
848
862
1534
1568
1619

Table 4. Wide-a;ngle Measurements of FK5 Stars in 1988 & 1989

e

with the Mark III Interferometer

Offset in R.A. (ms)

1988
-2.0 £ 0.5
-1.8 + 0.6
-2.2 + 0.7

70 £ 0.5
-0.5 + 0.6
24 £ 0.5
6.2 £ 0.7
-5.3 £ 0.5
2.5 % 0.6
0.6 £ 0.7
-5.8 £ 0.7

1989
-0.7 £ 0.5
-1.7 £ 0.6
-2.7 £ 0.8

6.7 £ 0.6
1.7+ 1.0
2.1+04
4.3 £ 0.6
-4.2 £ 0.4
03 + 0.3
-0.7 £ 0.5
-6.4 + 0.7

Mean
-1.3
-1.7
-2.5

6.8
0.6
2.3
5.2
-4.7
1.4
-0.0
-6.1

A
-1.3
-0.1

0.5

0.3
-2.2

0.3

1.9
-1.1

2.2

1.3

0.6

Offset in Decl. (mas)

1988
-2+5
15+5
25 £ 6
3+6
-90 £ 6
66 £ 5
-46 + 6
-35 £ 5
-10£ 5
25+ 5
-T£5

1989
-18+ 6
13 £6
29 + 8
14 + 8
-124410
80 + 4
43+ 5
-32+ 4
-7+ 4
34 £ 4
2+£7

Mean
-10
14
27

9
-107
73
-45
-34
-9
30
-3



Table 3:

Two-Color Positions Relative to FK5 with 1-o0 Formal Errors

FKS5 no. scans right ascension offset (mas) declination offset (mas)
724 24 + 90.2 =*15.3 +54.3 +171
1534 46 + 35.4 =+ 8.7 - 88 5.2
1568 49 + 10.9 =+10.5 +278 =£5.6
835 60 + 36.2 + 7.9 +69.4 49
848 50 + 99.1 +109 —42.5 £5.9
862 58 - 782 + 71 -329 =£35.1
1619 54 - 86.3 =*10.1 - 27 %53
19 51 — 28.7 + 8.2 + 06 +54
33 57 - 241 + 8.8 +17.3 +5.3
52 44 - 30.6 =£11.7 +25.2 +6.3
66 46 +103.9 + 8.0 + 71 %63
79 49 - 68 + 89 —-85.3 £6.3
total mean mean
scans error error
588 9.2 5.6
20
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Atmospheric Iimits to narrow-angle astrometry

* The fundamental limits to narrow-angle astrometry from the ground
are surprisingly small

e With long baselines (100 m) and small star separations (20"), the
atmospherically-limited astrometric accuracy is 20 uas for a 1-hr
integration

e Measurements made at Mt. Wilson using a 12-m baseline and a
3.3" star separation are consistent with theoretical predictions
e To take advantage of this behavior, you need
* Long baselines to reduce atmospheric and photon-noise errors

 Phase referencing to increase sensitivity to find a nearby reference
star within the isoplanatic patch

* Infrared operation for a large isoplanatic patch, high sensitivity, and
long baselines without resolving nearby stars

» Large apertures increase sky coverage
~* Dual-star operation to make a true simultaneous measurement
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Astrometric Technique
Jupiter-Sun system at 10 pc
a"'=0."52 Jupiter 27 mag
al1=0.52mas Sun 5 mag

p-p wobble 1 mas




